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Summary
Background: Ultrasound perfusion imaging (UPI) with bolus kinetic has been shown to be feasible
at bedside for evaluation of perfusion deﬁcits in stroke patients. Recent technical advances
allow perfusion imaging with reﬁll kinetics using a low mechanical index.
Methods: We examined 31 acute middle cerebral artery (MCA) stroke patients with transcra-
nial color-coded duplex ultrasound (TCCD) and UPI. The reﬁll of microbubbles was calculated
from regions of interest in the ischemic area and the contralateral MCA territory by using the
exponential function y =A(1− eˇt); A = acoustic intensity of the plateau (dB), ˇ = slope (1/s).
Results: We found signiﬁcantly lower values of ˇ in the ischemic area compared with the con-
tralateral MCA territory (0.75 vs. 1.05 1/s, p < 0.05); particularly in patients with a pathological
MCA ﬂow pattern on TCCD (0.61 vs. 1.01, p < 0.01). There was a high interindividual variance
without signiﬁcant difference of the plateau of acoustic intensity (A) in any subgroup of patients.
Discussion: The slope parameter ˇ of reﬁll kinetics is useful for assessing brain perfusion in
patients with acute stroke and pathological ﬂow pattern of the ipsilateral MCA. The parameter
A, however, seems more dependent from the quality of the temporal bone window.
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Introduction
OpenAssessment of cerebral perfusion is highly relevant for the
immediate diagnostic work-up of acute ischemic stroke. MRI
and CT perfusion are routinely used to identify patients
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Open access under CC BY-NC-ND license.ho may beneﬁt from recanalizing therapy beyond the stan-
ard time window, identifying salvageable tissue at risk of
nfarction by the MR diffusion-perfusion-based mismatch
oncept [1]. Other perfusion imaging methods like PET-CT
nd SPECT are not feasible in acute stroke patients because
f logistic limitations.
Ultrasound perfusion imaging (UPI) has been shown to
e able to likewise identify perfusion deﬁcits of the brain
arenchyma [2—4]. The advantages of UPI are the possi-
s under CC BY-NC-ND license.ility to perform and repeat the examination at patient’s
edside, allowing a non-invasive, cheap and quickly appli-
able assessment of cerebral perfusion on an intensive care
nit or a stroke unit.
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Figure 1 Exponential function of microbubbles replenishment after destruction of microbubbles.  is the acoustic intensity
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tion was expressed by the COGIF grades [12] indicating
different degrees of persistent arterial obstruction (COGIF
grades 0—3) or residual stenosis/reperfusion (COGIF gradeeasured at pulse interval t, A represents the plateau of acou
ntensity over time.
The main limitations of this method are the attenuation
f ultrasound by the human skull and the interindividual
ariance of skull thickness [5]. In order to guarantee a
ufﬁcient penetration of ultrasound, a high ultrasound
nergy (high mechanical index =MI) was necessary in earlier
PI protocols. This led, however, to an early destruction of
he echo-contrast agent microbubbles, which made it nec-
ssary to trigger the ultrasound impulses with a frequency of
—2/s. This resulted in a relevant decrease of the temporal
esolution of UPI and thus of the sensitivity of this method
o detect small differences of cerebral perfusion between
ifferent regions of interest (ROI) [6].
Recent advances in ultrasound technology now allow to
erform UPI using low ultrasound energy (i.e. low MI), which
nables perfusion studies in real time (rt-UPI) without the
eed of triggering the impulses, leading to improved tem-
oral resolution [7]. Bolus kinetics, where the time after
pplication of the ultrasound contrast agent until the max-
mum of acoustic intensity (=time to peak) is measured,
as been already established as a valid method to assess
uman brain perfusion with ultrasound [4]. Another inter-
sting method to measure tissue perfusion with UPI is reﬁll
inetics, which has been ﬁrst used by Wei and coworkers
n myocardial tissue [8]. After injection of echo-contrast
gents, the circulating microbubbles in the ultrasound plane
re destroyed by a repetitive ultrasound pulse with high MI,
ollowed by registration of the replenishment of microbub-
les in the cerebral microvasculature with low MI. The
eplenishment can be demonstrated by an exponential equi-
ation y =A(1− eˇt), where A represents the plateau of the
coustic intensity and ˇ the slope factor of the exponential
urve (Fig. 1).
Reﬁll kinetics has been also employed successfully
o measure cerebral perfusion in an animal model of
repanated dogs, showing a good correlation with cerebral
lood ﬂow [9]. We have recently reported that reﬁll kinetics
s also feasible for assessing cerebral perfusion in acute mid-
le cerebral artery (MCA) stroke patients [10]. In the present
tudy, we investigated the relationship between the rt-UPI
arameters of reﬁll kinetics and the degree of underlying
rterial obstruction of the MCA as assessed by transcranial
olor-coded duplex ultrasound (TCCD).ethods
e used a Philips IU 22 system and a 1—5 MHz sector
ransducer for rt-UPI and TCCD studies. Inclusion criteria
F
(
s
antensity during reﬁll kinetic and ˇ is the slope of the acoustic
ere sufﬁcient transtemporal bone windows bilaterally and
territorial acute MCA stroke as shown by either CT or
RI. Exclusion criteria were any contraindication against
onoVue®, a second-generation ultrasound contrast agent
ased on sulfurhexaﬂuoride microbubbles [11].
TCCD and rt-UPI studies were performed within the ﬁrst
4 h after onset of stroke. TCCD was used to evaluate the
uality of the temporal bone window. The maximum sys-
olic ﬂow velocity of the MCA was measured in different
epths bilaterally (Fig. 2). The severity of vascular obstruc-igure 2 Example of patient with left middle cerebral artery
MCA) stroke: TCCD of the left (A) and right hemisphere (B)
howing an occlusion of the proximal left MCA (COGIF-Score 2)
nd a normal ﬂow pattern of the right MCA.
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Figure 3 Real time ultrasound perfusion imaging (rt-UPI) of both hemispheres (A) with corresponding regions of interest in the
ischemic area of the left (red) and the contralateral MCA territory (green). Reﬁll kinetics (B) show a ﬂattened curve with low slope
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oof the exponential function in ischemic tissue (red), and a norm
(green).
4). For rt-UPI the ultrasound plane was tilted 20◦ cranially
from the mesencephalic plane, displaying lateral and third
ventricle and the thalamus. A bolus of 2.5ml Sonovue® was
injected and parameters of reﬁll kinetics were calculated
from selected ROIs in the ischemic area under avoidance
of large vessels. After 10min, we examined the contralat-
eral hemisphere with the same protocol. We selected ROIs in
the contralateral MCA territory, which corresponded in size,
shape and localization to the ischemic ROIs (Fig. 3). Param-
eters of reﬁll kinetics (A, ˇ and the product A× ˇ) were
extracted from each ROI for statistical analysis. To analyze
the potential relationship between MCA ﬂow velocity and
the parameters of reﬁll kinetics, we subdivided patients in
two groups: patients with persisting MCA pathology deﬁned
by COGIF grades of 3 or lower, and patients with symmetrical
or increased MCA ﬂow (COGIF grade 4).
Results
We examined 31 patients (17 male, 14 female, mean age
68.3± 13.4) who were admitted to our stroke unit with
acute ischemic stroke in the MCA territory (Table 1). 58%
of patients were treated with intravenous thrombolysis. At
the time point of examination, TCCD showed a persistent
pathological ﬂow pattern of the ipsilateral MCA (COGIF
grades 0—3) in 21/31 (67.7%) patients. Pathological ﬂow
patterns were more frequent among patients who were
not treated with tPA (11/13 vs. 10/18, p = 0.08). Rt-UPI
s
s
s
hplenishment of microbubbles in the contralateral hemisphere
howed signiﬁcantly lower values of the reﬁll parameter
in the ischemic area compared to the contralateral MCA
erritory (ˇ (1/s): 0.75± 0.41 vs. 1.05± 0.51, p < 0.05). The
ifference between ischemic and contralateral ROIs was
ore prominent in patients with persisting MCA obstruction
n = 21; ˇ (1/s): 0.61± 0.31 vs. 1.01± 0.53, p = 0.005).
orrespondingly, in patients with symmetrical or increased
psilateral MCA ﬂow, ˇ values were not signiﬁcantly differ-
nt between both hemispheres (n = 10; ˇ (1/s): 1.04± 0.47
s. 1.14± 0.49, p = n.s.). There was no signiﬁcant differ-
nce between ˇ values of the ischemic tissue of patients
reated with tPA and those who did not receive systemic
hrombolysis (ˇ (1/s): 0.72± 0.32 vs. 0.78± 0.53, p = n.s.).
or the plateau of acoustic intensity (A) and the product of
and ˇ (A× ˇ), there was a high interindividual variance
f the values, resulting in no signiﬁcant difference between
schemic or contralateral healthy tissue in any group of
atients (Table 2).
iscussion
his study investigated the feasibility of rt-UPI with reﬁll
inetics to assess perfusion deﬁcits related to persistent
r already recanalized arterial obstruction in acute MCA
troke patients. The parameter ˇ, which represents the
lope factor of the exponential function of reﬁll kinetics,
hows overall signiﬁcant differences between ischemic and
ealthy tissue. This ﬁnding was more pronounced in patients
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Table 1 rt-UPI parameters and COGIF grades of the ipsilateral MCA as assessed by TCCD.
COGIF grade (ipsilateral MCA) Ischemic tissue Normal tissue
A ˇ A× ˇ A ˇ A× ˇ
1 4 2.78 1.83 5.09 9.33 1.05 9.80
2 3 1.66 0.92 1.53 4.24 0.67 2.84
3 4 0.35 0.61 0.21 0.17 0.69 0.12
4 3 1.13 0.33 0.37 1.64 0.61 1.00
5 3 1.8 0.82 1.48 1.9 2.2 4.18
6 4 1.08 0.81 0.87 1.97 0.67 1.32
7 4 2.57 1.17 3.01 2.36 1.36 3.21
8 1 7.58 0.04 0.30 6.06 1.47 8.91
9 3 1.79 0.63 1.13 0.5 0.96 0.48
10 3 0.99 0.68 0.67 0.86 1.17 1.01
11 1 3.92 0.3 1.18 3.89 0.86 3.35
12 4 0.51 0.67 0.34 2.29 2.24 5.13
13 3 4.26 0.5 2.13 2.58 1.22 3.15
14 3 1.13 0.87 0.98 0.93 0.89 0.83
15 4 2.66 0.63 1.68 3.99 0.88 3.51
16 4 2.98 1.66 4.95 0.76 1.45 1.10
17 4 3.15 1.51 4.76 1.23 0.88 1.08
18 3 0.77 0.82 0.63 1.42 0.63 0.89
19 3 6.18 0.63 3.89 13.37 0.41 5.48
20 4 10.22 0.75 7.67 13.17 1.43 18.83
21 3 2.37 0.39 0.92 3.4 0.48 1.63
22 4 3.81 0.74 2.82 5.53 0.78 4.31
23 3 2.86 1.31 3.75 0.89 1.26 1.12
24 1 20.2 1.11 22.42 3.88 0.95 3.69
25 3 1.46 0.44 0.64 20.75 0.66 13.70
26 2 20.3 0.58 11.77 1.95 1.23 2.40
27 3 24.83 0.28 6.95 12.43 1.94 24.11
28 2 0.97 0.39 0.38 3.22 1.85 5.96
29 3 2.42 0.78 1.89 0.59 1.08 0.64
30 3 0.78 0.29 0.23 0.72 0.28 0.20
31 1 0.01 0.62 0.01 0.4 0.33 0.13
Table 2 Mean values of rt-UPI parameters and subgroup analysis according to the degree of vascular obstruction.
All patients COGIF 0—3 COGIF 4
Ischemic
tissue
Normal
tissue
p-Value Ischemic
tissue
Normal
tissue
p-Value Ischemic
tissue
Normal
tissue
p-Value
A 4.44 ± 6.20 4.08 ± 4.84 n.s. 5.11 ± 7.26 4.08 ± 5.22 n.s. 3.01 ± 2.79 4.08 ± 4.18 n.s.
ˇ 0.75 ± 0.41 1.05 ± 0.51 <0.05 0.61 ± 0.31 1.01 ± 0.53 0.005 1.04 ± 0.47 1.14 ± 0.49 n.s.
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The slope parameter ˇ of reﬁll kinetics is useful for theA× ˇ 3.05 ± 4.48 4.33 ± 5.67 n.s. 3.01 ± 5.23
ith COGIF grades 0—3 and was absent in COGIF grade 4.
he parameters A and the product A× ˇ showed high stan-
ard deviations in our study, which resulted in a lack of
igniﬁcance between ischemic and non-ischemic tissue for
hese parameters. The most likely reason for the failure
f establishing the plateau of acoustic intensity as a reli-
ble parameter of rt-UPI is the strong relationship between
he acoustic intensity and the individually varying level
f acoustic attenuation by the temporal skull bone. Reli-
ble mathematical algorithms developed to estimate the
evel of attenuation of ultrasound by the human skull may
a
s
s
u8 ± 5.65 n.s. 3.14 ± 2.45 4.84 ± 5.66 n.s.
mprove the diagnostic conﬁdence of these parameters in
uture.
onclusionssessment perfusion deﬁcits in the acute phase of MCA
troke. According to our data, the severity of the perfu-
ion deﬁcit as measured with ˇ is strongly related to the
nderlying vascular pathology of the ipsilateral MCA.
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